The molecular events leading to motoneuronal death are still poorly understood. In mammals, the bcl-2 proto-oncogene, which encodes a membrane-associated protein, has been shown to suppress both developmental motoneuronal death and experimental axotomy-induced motoneuronal death. We assessed a potential protective effect of Bcl-2 on pathological motoneuronal death processes in adult rodents. We took advantage of the murine mutant wobbler, which undergoes progressive degeneration of the spinal and brainstem motoneurons. A hybrid carrying both the wobbler mutation and the human bcl-2 transgene under the control of the neuronspecific enolase promoter was produced. Although Bcl-2 protected spinal and brainstem motoneurons from developmental death and the postnatal motoneurons of the facial nucleus from axotomy-induced death, the pathological motoneuronal death was not altered in the adult hybrid. These results demonstrate that Bcl-2 sensitivity distinguishes at least two different motoneuronal death pathways in the wobbler mutant. They support the hypothesis that experimental and pathological motoneuronal death are dependent on different cellular mechanisms.
An intense effort is being made to understand the mechanisms of motoneuronal death and to identify agents with therapeutic potential in human degenerative motoneuron diseases. Most results have been obtained from two experimental models in rodents: axotomy-induced motoneuron death in neonates and naturally occurring cell death in embryos. These models have proven instrumental in demonstrating the protective effect of several factors, including ciliary neurotrophic factor (CNTF) (Sendtner et al., 1990; Oppenheim et al., 1991 ), brain-derived neurotrophic factor (BDNF) (Oppenheim et al., 1992; Sendtner et al., 1992; Yan et al., 1992; Koliatsos et al., 1993) , and glial cell line-derived neurotrophic factor (Henderson et al., 1994; Oppenheim et al., 1995; Yan et al., 1995) ; however, extension of the conclusions drawn from these two models to pathological motoneuronal death, such as that observed in mutant mice, has proved difficult. For example, few beneficial effects were observed on motoneuronal survival in the wobbler mutant with CNTF or BDNF, respectively, despite an improvement in the motor function (Ikeda et al., 1995a,b) . These relatively negative results raise the question of the existence of different pathways leading to either experimental or pathological motoneuronal death.
One molecule that plays a key role in interfering with mechanisms leading to motoneuronal death in experimental models is Bcl-2 (Dubois-Dauphin et al., 1994; Martinou et al., 1994; Farlie et al., 1995) . Bcl-2 interferes with cell apoptosis in a wide variety of cases (for review, see Reed, 1994) . There are, however, Bcl-2-insensitive pathways for cell death (Reed, 1994) , in particular for some neurons (Allsopp et al., 1993) . Moreover, although the neuroprotective effects of some factors are mediated by Bcl-2 (e.g., BDNF), those of others are not (e.g., CNTF) (Allsopp et al., 1995) . The neuroprotective efficiency of Bcl-2 thus may represent one way to differentiate pathways for neuronal death.
Whether Bcl-2 is able to interfere with the mechanisms leading to pathological motoneuronal death is yet to be determined. In a recent paper, Sagot et al. (1995) obtained paradoxical results in the progressive motor neuronopathy ( pmn) mutant mouse overexpressing Bcl-2. Facial motoneurons appeared preserved, whereas the number of motor axons was not. The mechanisms leading to neuronal damage in the pmn mouse are poorly understood, however, and this complicates the interpretation of these complex results. Although not fully explored, the wobbler mouse, which results from an inherited autosomal recessive mutation leading to the progressive degeneration of spinal and brainstem motoneurons (Duchen and Strich, 1968; La Vail et al., 1987) , offers a clearer mechanistic picture. In particular, it has been suggested that the Cu/Zn superoxide dismutase (SOD), an enzyme that shares with Bcl-2 the capacity to protect cells from oxidative stress (Lipton et al., 1993; Kane et al., 1993; Hockenbery et al., 1993; Cadet et al., 1994; Sarafian et al., 1994; Greenlund et al., 1995) , exerts a partial protective effect on motoneurons in the murine mutant wobbler (Ikeda et al., 1995c) . It seemed appropriate, therefore, to evaluate the ability of Bcl-2 to affect pathological motoneuronal death in this mouse.
To determine whether Bcl-2 could arrest motoneuronal death in wobbler mice as it does in experimental models, we produced wobbler mutants overexpressing high levels of the human Bcl-2 protein in neurons. The results of this study support the hypothesis that experimental and pathological motoneuronal death are dependent on different cellular mechanisms.
MATERIALS AND METHODS
We previously described NZB-elicited wobbler (NEW) mice carrying the double allele wobbler (wr/wr) and allowing genetic diagnosis before the onset of the disease (Des Portes et al., 1994) . We now describe wobbler and transgene (WAT) mice, derived from NEW mice and carrying the human bcl-2 transgene.
Animals
Production of mice of the WAT lineage. The hybrid NEW mice came from the cross between NZB (G NZB /G NZB ; ϩ/ϩ) and C57Bl/6J (G C57 /G C57 ; ϩ/wr) mice carrying the wr mutation. By means of this cross, a genetic polymorphic marker, a microsatellite of the glutamine synthetase gene ( glns), was introduced close to the wr gene. The NEW (wr/wr) animals carried the alleles G C57 /G C57 of glns, and wild-type animals were either heterozygotes (G C57 /G NZB ) or homozygotes (G NZB /G NZB ) for glns. The scheme of the cross (Fig. 1) shows how the human bcl-2 transgene was introduced first into mice of the NZB strain and then into heterozygote mice of the NEW lineage. At the third generation, a hybrid carrying the two copies of the mutated alleles of wr, the two copies of the G C57 alleles of glns, and one copy of the human bcl-2 transgene was obtained. The cDNA of the human bcl-2 transgene was under the control of the neuron-specific enolase promoter, so that only neuronal cells expressed the human Bcl-2 protein.
DNA analysis. DNA from tails of 4-d-old mice was obtained using the Genereleaser assay (BioVentures, Murfreesboro, TN). Alleles of both glns and the human bcl-2 transgene were analyzed through a double PCR amplification. Primers amplifying the glns microsatellite and those detecting the presence of the human bcl-2 transgene are described in Table 1 .
According to the results of the double PCR analysis, we defined four distinct groups of animals on which all experiments were performed ( ; bcl-2 ϩ) Facial nerve transection. Two-day-old mice from the same litter were anesthetized by hypothermia and subjected to a unilateral transection of the right facial nerve. The small branch that innervates the caudal auricular muscle and corresponds to motoneurons in the ventromedial part of the facial nucleus was not sectioned. Mutants and wild-type mice could not be distinguished either clinically or histologically at this age, because pathological degeneration of motoneurons in wobbler mice begins in the third week of life; therefore, they were identified by genetic analysis. Animals were killed 7 d after nerve section. Three pups of each group were anesthetized with sodium pentobarbitone (50 mg/kg) and perfused transcardially with 20 ml of PBS (0.1 M), pH 7.4, followed by 20 ml of 4% (w/v) paraformaldehyde in PBS (0.1 M). The brainstem of each pup was removed, postfixed for 4 hr in the same fixative, and cryoprotected in 20% (w/v) sucrose in PBS at 4ЊC for 12 hr. Serial coronal 20-m-thick sections were cut, recovered onto gelatinized slides, and stained with cresyl violet. All sections were observed at the facial nucleus level, and motoneurons with clearly defined nuclei and nucleoli were counted on each section, on both the lesioned and the unlesioned sides.
No correction was applied for split nucleoli, because the size of the nucleoli did not vary in the different groups and was very small by comparison with the thickness of the section. No more than one nucleolus was observed per motoneuron. Three animals were studied for each of the four groups described previously. The unpaired Student's t test was used for statistical analysis.
Grip-strength test. Grip strength was measured by placing mice on a vertical grid and grading as follows. 0, Animals grip but fall in Ͻ5 sec; 1, animals are able to grip but not climb; and 2, animals grip and climb to the top of the grid.
Histological procedures
Immunostaining of human Bcl-2 protein. In each of the four groups, four animals (one 2-d-old and three 5-week-old mice) were treated for immunofluorescence detection of the human Bcl-2 protein. Mice received 50 mg/kg sodium pentobarbitone and were perfused transcardially as described above. Brainstems and cervical spinal cords were dissected out immediately, postfixed for 4 hr at 4ЊC in the same fixative, and cryoprotected with 20% sucrose in PBS. Twenty-micrometer-thick sections were cut on a cryostat and put on gelatin-coated slides. Sections were permeabilized by soaking in Ϫ20ЊC cooled acetone for 5 min, rinsed in PBS, and incubated in BSA (3% in PBS) for 1 hr at room temperature to block nonspecific sites. Sections were then incubated for 2 hr at room temperature with a mouse monoclonal antibody specific for the human Bcl-2 protein (1:80 dilution; Cambridge Research Biochemicals, Cheshire, UK), followed by a 90 min incubation with a fluorescein isothiocyanate- Figure 1 . Scheme of the cross used to obtain WAT mice. Only selected mice are represented. Mice of the NZB strain were first crossed with a mouse transgenic for the human bcl-2 gene . At the first generation, heterozygotes for glns (G NZB /G C57 ), which carry the human bcl-2 transgene, were selected by PCR (dotted frame) and crossed with mice of the NZB-elicited wobbler (NEW ) colony, heterozygotes for glns (G NZB /G C57 ) and for wr (ϩ/wr). At the second generation, two types of transgenic mice heterozygous for glns were selected by PCR. One carried a mutated allele of wr (dotted frame), and the other did not (not represented). To identify the one that carried the mutated allele, a backcross with a heterozygous mouse of the NEW colony was necessary. The individual carrying the wr allele was selected if wobbler mice with evident clinical signs of the disease were present in its progeny. At the third generation, all mice heterozygous for glns were heterozygotes for wr (not represented). Heterozygotes transgenic for bcl-2 were used to perpetuate the colony. All mice homozygous for the allele G C57 of glns carried the double allele of the wr mutation. WAT mice are represented in the dark frame. Fiveweek-old WAT and wobbler nontransgenic mice were perfused transcardially with 80 ml PBS (0.1 M), pH 7.4, followed by 80 ml of 4% (w/v) paraformaldehyde. Brainstems were removed, and a protocol similar to the one described above was followed. Motoneurons of one facial nucleus per animal that displayed no morphological sign of the disease were counted. In addition, vacuolized motoneurons were quantified. Three animals were analyzed in the wobbler nontransgenic group, and four animals were analyzed in the WAT group. The unpaired Student's t test was used for statistical analysis.
Quantification of axons in the brachial musculocutaneous nerve. In each of the four groups, five mice (5 week old) were used to quantify axons in the brachial musculocutaneous nerve. Nerves were fixed in situ for 5 min with 2.5% glutaraldehyde in PBS (0.1 M) and dissected out. The main branch of the brachial musculocutaneous nerves was taken just before its division into two branches; extreme precautions were taken to remove the same portion of the nerve in each case. After removal, nerves were fixed in 2.5% glutaraldehyde for 1 hr at 4ЊC and conserved in 0.6% glutaraldehyde. Before and after postfixation in 2% osmium tetroxide for 1 hr at room temperature, nerves were rinsed three times in a wash solution containing 8% glucose in phosphate buffer (0.1 M), pH 7.2. Nerves were dehydrated in graded ethanol solutions and embedded in Embed 812 Epoxy resin (TAAB) for 24 hr at 55ЊC. One-micrometer-thick semithin sections were collected, and myelinated axons were stained with 1% toluidine blue. Axons were pointed manually with use of a camera lucida and counted. To establish the reliability of the methodology, pilot experiments were performed in wild-type animals to determine that the number of axons on different sections of the same portion of nerve was identical and that the number of axons was similar in sections of different wild-type animals. Axons of one section per nerve were counted. The unpaired Student's t test was used for statistical analysis.
RESULTS
Four generations of mice were produced, and animals from the third and fourth generations (30 litters) were analyzed. A large number of wobbler mice (transgenic or not) died between the fourth and sixth week after birth, as already described for mutants of the NEW strain (Des Portes et al., 1994) . This high death rate justified the need for a large production of mice so that a significant number of 5-week-old animals could be analyzed.
Genetic analysis
Gel electrophoresis showing the products of the double PCR amplification is shown in Figure 2 . It revealed one to three bands. The 180 base pair (bp) band and the 200 bp band corresponded to the G C57 and G NZB alleles, respectively, of glns. The 400 bp band was specific for the human bcl-2 transgene. The presence of the single 180 bp band was characteristic of homozygotes for the wr/wr mutation, whereas the presence of the single 200 bp band characterized wild-type homozygotes (ϩ/ϩ). The two co-amplified bands of 180 bp and 200 bp defined heterozygotes (ϩ/wr). Because wild-type homozygotes and heterozygotes presented the same normal clinical characteristics (the mutation is recessive), they have been grouped together and defined as wild-type. The presence or the absence of the 400 bp band allowed separation of transgenic from nontransgenic mice. On the basis of these results, animals were divided into four groups ( ; wr/wr; bcl-2 ϩ).
Functional expression of the human bcl-2 transgene
The human Bcl-2 protein was detected by immunofluorescence in both the ventral and dorsal horn neurons of 5-week-old transgenic mice carrying, or not carrying, the wobbler mutation (Fig. 3) . No signal was observed in neurons of nontransgenic animals (inset in Fig. 3 ). The human Bcl-2 immunostaining was observed as early as postnatal day 2, as tested in the brainstem of transgenic mice (data not shown).
The functionality of the human Bcl-2 protein was assayed by evaluating its effect on neonatal axotomy-induced facial motoneuron death. The examination of facial nuclei of nontransgenic mice (wild type and wobbler) 7 d after transection of the nerve revealed a dramatic reduction in the number of cells (Figs. 4C,E) . Seventyfive percent of facial motoneurons were lost (Fig. 5) . The number of motoneurons was strongly affected, except in the ventromedial part of the nucleus (dark arrowhead), which corresponds to the nonsectioned caudal auricular branch of the facial nerve. The 25% of cells remaining corresponded mainly to the motoneurons in this ventromedial region. In contrast, in wild type-transgenic and WAT mice, the number of motoneurons on the lesioned side was similar to that on the unlesioned side (Figs. 4 B,D,F, 5) . The facial nucleus on the side of the lesion, however, presented a dense aspect and a reduced size as compared with the intact nucleus (Fig. 4 B,D,F ) , apparently resulting from a reduced size of the soma of the motoneurons.
The quantification of motoneurons also revealed an increased number of cells on the unlesioned side in transgenic mice as compared with nontransgenic mice (Figs. 4 A,B, 5 ).
Phenotypic differences among mice of the four groups Clinical characteristics
Transgenic individuals could not be recognized by clinical examination, because Bcl-2 overexpression did not modify their behavior compared with that of paired nontransgenic mice. Wild-typetransgenic mice bred normally. In the wobbler mutants, the first clinical signs of the disease appeared 3-4 weeks after birth. The mutants were characterized by a reduced body weight, an unsteadiness, and a diminished muscular strength. The age of onset of the disease and the time course of its evolution seemed to be similar in WAT as compared with wobbler nontransgenic mice. When they were weighed (Fig. 6) or assayed for muscular strength, the two groups of 5-week-old animals were indistinguishable. All wobbler animals were graded 0 (fall in Ͻ5 sec), whereas all non-wobbler animals were graded 2 (climb to the top) in the grip-strength test.
Histological characteristics
Histological analysis of the facial nucleus and of the cervical spinal cord of 5-week-old animals revealed that overexpression of the human bcl-2 gene did not alter the morphology of the motoneurons, as revealed by cresyl violet staining (data not shown). Fiveweek-old WAT mice displayed histological characteristics identical to those of wobbler nontransgenic mice. Numerous motoneurons, although expressing the human Bcl-2 protein, were filled with vacuoles, a landmark of the wobbler disease (Fig. 7) , and a strong reactive astrogliosis was present throughout the gray matter, as revealed by glial fibrillary acidic protein immunoreactivity (data not shown).
As shown in table 3, the same proportion of motoneurons was lost or exhibited morphological signs of the disease in 5-week-old wobbler mice in the nontransgenic and transgenic groups. A loss of 15% and 13%, respectively, of motoneurons was observed, as compared with the number of cells present before the onset of the degenerative process.
Examination of sections of the musculocutaneous nerve showed a loss of myelinated axons, mainly large fibers, in the two groups of wobbler mice, compared with the two groups of wild-type mice (Fig. 8) . This loss was 23% in nontransgenic mice and 17% in transgenic mice (Fig. 9) . The transgenic mice always possessed more axons than the nontransgenic: 832 Ϯ 44 for wild-typetransgenic versus 709 Ϯ 33 for wild-type nontransgenic and 696 Ϯ 63 for WAT versus 551 Ϯ 27 for wobbler nontransgenic mice.
DISCUSSION
To assess the ability of the Bcl-2 protein to interfere with motoneuronal pathology in the wobbler mutant, wobbler mice overexpressing the human bcl-2 transgene were generated by specific crossing and compared with relevant controls. Our results show that Bcl-2 neither arrests nor delays the pathological degeneration of motoneurons, although it protects these same cells against both naturally occurring cell death and degeneration induced by neonatal axotomy. These results favor the existence of a Bcl-2-insensitive pathway leading to pathological motoneuronal death in the wobbler mutant, and they point to major mechanistic differences between this pathological death and death induced experimentally by axotomy; therefore, caution should be exercised when extrapolation to the former is on the basis of results obtained with the latter.
Pathological motoneuronal death in the wobbler mutant is Bcl-2-insensitive
It has been shown recently that the administration of the Cu/Zn SOD, an antioxidant enzyme, to the wobbler mouse slows the degeneration of its motoneurons (Ikeda et al., 1995c) . The fact that Bcl-2 shares with SOD the capacity to protect cells from an oxidative stress (Hockenbery et al., 1993; Kane et al., 1993; Lipton et al., 1993; Cadet et al., 1994; Sarafian et al., 1994; Greenlund et al., 1995) , and thus seems to act along the same pathway of neuroprotection, suggested that Bcl-2 might also rescue motoneurons of the wobbler mutant. The results here show that wobbler mice overexpressing the human bcl-2 gene present clinical and histological characteristics identical to those of wobbler nontransgenic mice, including age of onset of the disease, time course of its evolution, vacuolar degeneration of motoneurons, loss of motoneurons and of myelinated axons, and astrogliosis. Thus, the pathological motoneuronal death in WAT mice is neither stopped nor delayed. One could assert that this lack of neuroprotection was attributable to the fact that the introduction of the human bcl-2 transgene into wobbler mice did not lead to the expression of the transgene in relevant motoneurons nor to the synthesis of an efficient Bcl-2 protein. Two explanations argue against this hypothesis, however, and support the validation of our experimental model.
First, the human Bcl-2 protein was immunodetected in facial motoneurons as early as 2 d after birth, a time that clearly precedes the appearance of degenerative motoneurons in the third week of life. Moreover, it was also detected in vacuolized motoneurons of 5-week-old WAT mice, showing that even degenerative motoneurons synthesize the human Bcl-2 protein.
Second, we demonstrated the functionality of the human Bcl-2 protein in transgenic mice of the WAT lineage using the same experimental models of motoneuronal death as those used to demonstrate its functionality in the original strain of transgenic mice, namely axotomy-induced cell death and developmental cell death .
Altogether, these results demonstrate that the human Bcl-2 protein synthesized in transgenic mice of the WAT lineage is functional. It is possible, however, that this functionality is limited to motoneurons in the perinatal period. Indeed, one major difference between models used to demonstrate the functionality of the Bcl-2 protein and the wobbler model is the age of mice at the time of the occurrence of motoneuronal degeneration. It might be argued that factors necessary for Bcl-2 protection are present only at specific times during development and are not present or not present in sufficient amounts in the adult. This seems unlikely, because cortical neurons in adult mice have been shown to be protected by Bcl-2 from experimental ischemia-induced death . To go one step further, motoneurons might specifically lose Bcl-2 sensitivity in the adult. Again, this hypothesis does not seem warranted, because Bcl-2 overexpression protects adult motoneurons in pmn mice (Sagot et al., 1995) .
These observations indicate that adult motoneurons, as is the case for motoneurons during the perinatal period, possess all of the metabolic machinery necessary for the action of Bcl-2. Thus, our results argue in favor of the existence of a Bcl-2-insensitive pathological death pathway in the wobbler mutant.
Elements of the excitotoxic cascade, such as glutamate (Behl et al., 1993; Zhong et al., 1993a) , reactive oxygen species (Hockenbery et al., 1993; Kane et al., 1993) , and calcium influx (Miyashita and Reed, 1992; Zhong et al., 1993b) lead to a Bcl-2-sensitive death. The existence of a Bcl-2-insensitive mechanism for motoneuronal death in the wobbler mouse suggests that excitotoxicity is not implicated in the wobbler pathology. This conclusion is in agreement with that of Krieger et al. (1992) , who showed that application of an NMDA receptor antagonist does not improve the wobbler mutant.
Existence of different pathways that lead to motoneuronal death
Our results show that motoneurons in the wobbler mouse can die by taking two different pathways. One is Bcl-2-sensitive, exemplified by axotomy-induced cell death and developmental cell death, and the other is Bcl-2-insensitive, exemplified by pathological death. The demonstration of the existence of different pathways leading to motoneuronal death suggests that motoneurons could respond differently to therapeutic agents depending on the specific mechanisms involved.
Evidence for the existence of different pathways leading to neuronal death has been provided by Allsopp et al. (1993) , who showed that the same cells, neurons of the trigeminal mesencephalic nucleus, placed under different experimental conditions could go down either a Bcl-2-sensitive or a Bcl-2-insensitive death pathway. Martinou et al. (1994) also showed the existence of two motoneuronal death pathways during developmental cell death, because a proportion of motoneurons were unprotected by Bcl-2.
The demonstration that axotomy-induced cell death, to date the most frequently used to evaluate the effect of therapeutic agents on the survival of motoneurons, and pathological death in the wobbler mutant result from different mechanisms calls for caution to avoid overgeneralization of results obtained with the first model and application of those results to a pathological model such as wobbler or in general to other experimental or pathological motoneuronal degeneration.
In line with this idea, it is interesting to note that BDNF, whose neuroprotective effects seem to be mediated by Bcl-2 (Allsopp et al., 1995) , was protective for axotomized motoneurons but did not prove efficient for the survival of wobbler motoneurons. In wobbler, BDNF treatment slowed the rate of axonal depletion but did not prevent the death of anterior horn cells (Ikeda et al., 1995b) . Because neurotrophin 4/5 (NT4/5) shares with BDNF the common trkB receptor (Soppet et al., 1991) and the same survival effect on motoneurons in vitro (Henderson et al., 1993) and in vivo , we postulated that NT-4/5 would not protect motoneurons of the wobbler mutant. This seemed to be the case, because in preliminary studies administered NT4/5 did The recent demonstration showing that Bcl-2 is able to protect the cell bodies of motoneurons but not the axons in pmn mice (Sagot et al., 1995 ) is yet another type of effect of Bcl-2 on motoneurons that differs from both that observed after axotomy and that observed in wobbler. This adds to the caution that must be taken before results obtained in one model are generalized and applied to another model and, even more so, before they are applied to diseases.
In conclusion, our data underline the fact that in vivo as in vitro, two pathways for neuronal death can be distinguished on the basis of their sensitivity to Bcl-2. This mechanistic difference, which is probably one of many, clearly calls for caution when the results obtained in a particular model are extrapolated to another.
